The diversification and miniaturization of electric products have been rapidly advancing. In coil winding for electric parts, technologies that flexibly adapt to changes of wire diameter and that make denser wire coils are required. We developed an innovative winding system for columnar parts, such as solenoids, and experimentally proved its effectiveness. This system has a CCD line sensor to measure the diameter of the wire and the winding angle. It also has a carriage and rotating motor that are rate-controlled on the basis of this data. The pitch per rotation of the carriage is controlled in correspondence with the wire diameter measured just before winding. A target winding angle that will not cause back winding and gaps between the wire coils was experimentally determined, and the system controlled the winding angle to be the target angle during winding. We made an experimental device and verified the effect of the winding system. The results showed that the pitch per rotation of the carriage automatically adapted to changes in the wire diameter and the winding angle remained at the target angle 6%. The experimental device with this system achieved complete contact winding for wires with diameters of 80 -130 m. This winding system is expected to be used for producing various high precision wound columnar parts.
INTRODUCTION
Electric products are becoming diversified and have high accuracy. Therefore, flexible production methods that can adapt to variable specifications and shortened development periods are required. Products such as portable electric devices are also becoming thinner and smaller, so highly accurate processing technologies are also needed.
Winding parts, such as motor, ignition, and sensor coils, have the same requirements. They are also designed with various specifications for wire diameter, number of turns, and wire arrangement. Moreover, the needs of high precision winding are increasing due to the miniaturization of electric parts [1] [2] [3] [4] . One example is a wire-wound rod for thin film coating. This rod is a metallic column around which thin (diameter approximately 100 m) SUS wire is wound with contact between each coil. In use, as shown in Fig. 1 , the rod rotates in paint and the plate to be coated passes over the rod. The paint in the valleys between the wires is spread onto the surface of the plate. The thickness of the coat of paint depends on the wire diameter and on the change of the paint viscosity in varying temperatures. Therefore, many rods wound with wires of different diameters are needed to control the thickness of the coating. If there are uneven gaps between the wire coils, irregularities may occur in the coating. Thus, perfect contact winding is required because gaps of even only micrometers affect the thickness of the coating [5] .
Users input data on wire diameter as the amount of pitch per rotation in conventional winding machines. Thus, users have to input and manage data that suit each wound part. Moreover, if wire diameter in the same reel varies widely, the errors between actual wire diameter and the numerical data for pitch per rotation accumulate. As a result, gaps between the coils or overlaps of the wire occur and we cannot obtain high precision wound parts. To solve this problem, measuring wire diameter during winding and resetting the data for pitch per rotation in accordance with those measurements has been proposed. However, this is ineffective if users need high precision wound parts, such as columnar parts, used in rod coating. In addition to control of the pitch per rotation, proper control of the winding angle in accordance with the winding conditions is needed.
We have developed a new winding control system. This system measures wire diameter and winding angle with one sensor and controls these two parameters appropriately during winding. First, we explain the specifications of columnar parts, which were the target 
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August 18-21, 2009, Fukuoka International Congress Center, Japan objects, and the goal of this research. Then, we describe the structure of the developed winding system and the system control method. In addition, we describe an experimental device for verifying this system and report the method for deriving effective control conditions. We also show the experimental results. We were able to obtain a perfect contact wound rod with 80 -130 m diameter wires and proved that this system properly controls pitch per rotation and winding angle.
TARGET OBJECT AND GOAL OF RESEARCH
We limited our target objects to columnar parts, such as solenoids and ignition coils, because columnar parts are popular as wound parts and are simple for modeling.
We selected wound rods for rod coating as models of columnar parts. The specifications of the rods are shown in Table 1 . The diameters of the rods were 12 mm. The wire diameters were from 80 -130 m, and we prepared them every 5 m. The goal of this research is to develop a system that can wind wire in contact perfectly adapting to any wire diameter.
ADAPTIVE CONTROLLED HIGH PRECISION WINDING

Necessary conditions for contact winding
As advance preparation, we rotated a rod using a lathe and manually moved the winding wire to investigate the conditions of winding. The winding process is shown in Fig. 2 .
The starting end of the wire is fixed to the rod, and rotation of the rod starts. At this time, if the nozzle through which the wire is drawn is positioned behind of the start position, back winding occurs. Here, we call the angle between the wire and the right angle to the rod the winding angle ( ). If the nozzle inclines to the right, is defined as minus. If the nozzle inclines to the left, is defined as plus. Thus, must be minus until the first rotation finishes.
After the second rotation, in the case of contact winding, the nozzle must move P, which should be the same as the real wire diameter, along the rod. If P is smaller than the real wire diameter, back winding will occur. If it is larger, there will be gaps between the wire coils.
After the second turn, winding while pressing the wire against the previous coil is effective for winding wires in contact. In this case, the winding angle is plus. However, if is too large, back winding will occur. From this, we can suppose that there are effective winding angles in the plus area for contact winding. From this investigation, we suppose that the following three conditions are needed for contact winding that automatically adapts to changes of wire reels and differences of wire diameters. (a) The winding system measures wire diameter during winding and controls P, which is the amount of feed by the nozzle per rotation of the rod, so that it is the same.
(b) The winding system measures winding angle during winding and controls it to the target angle 0 , which does not cause back winding and gaps. (c) At the start of the winding, the winding angle should be minus. After the second rotation, it should be changed to the plus target. We developed a winding system that has a sensor to measure the wire diameter and winding angle during winding. Moreover, the system calculates target values for those parameters and simultaneously controls the pitch of the nozzle and the winding angle.
Adaptive controlled high precision winding
The hardware of the winding system we developed is shown in Fig. 3 . This system has a carriage that moves the nozzle along the rod and a rotation drive axis that rotates the rod. Servo motors drive these mechanisms, and their positions and velocities can be controlled. The carriage also has a CCD line sensor. The sensor measures the wire diameter "d" and wire position "a". Here, we can calculate the winding angle using formula (1). Here, a0 is the wire position of = 0 and c is the distance between the nozzle and the sensor.
The controller reads the measured wire diameter "d" and wire position "a" every sampling period and calculates the winding angle . Then, the "d" and data are ready.
Next, we explain the method to set instruction data for the rod rotation and the carriage. The instruction velocity data of the carriage is decided to a definite value. Then, the instruction velocity data of the rod rotation "N" is calculated using formula (2).
Here, Vr is the measured velocity data of the carriage and 0 is the target winding angle at which back winding and gaps do not occur. is the constant value, and d is wire diameter.
The first member of formula (2) is the basic velocity data of the rod rotation corresponding to changes of wire diameter. By rotating the rod at this speed, the pitch per rotation of the carriage is made equal to the wire diameter. By calculating data on the basis of the measured wire diameter every sampling period, the system can adjust to small changes of wire diameter in the same reel. Moreover, the instruction data of the rod rotation "N" is determined on the basis of the measured carriage velocity data, so "N" can correspond to changes of carriage velocity by starting, stopping, and fluctuating in rotation speed.
The second member of formula (2) is used to bring the real winding angle close to the target angle. Beforehand, we investigated the range of winding angles that does not cause back winding and gaps between the wire coils. Then, we decided the target angle " 0" in this range. The correction value proportional to the difference between and 0 was added to the instruction velocity data "N". As shown in Fig. 4 Case 1, if is bigger than 0, the correction value will be minus and rod rotation "N" will be decreased. As a result, the progress of the winding stagnates and the nozzle moves in front of its former position. This means that the winding angle approaches the target angle. Conversely, as shown in Fig. 4 Case 2, if is smaller than 0, the correction value will be plus and rod rotation "N" will be increased. As a result, the winding progresses and the nozzle moves behind its former position. This also means that the winding angle approaches the target angle. Checking and correcting it to the target angle 0 every sampling period makes high precision winding possible.
As mentioned above, we can simultaneously control the nozzle pitch per rotation and the winding angle by using the instruction velocity data of the rod rotation. In our explanation, the instruction velocity data of the carriage has been constant, and the instruction data of the rod rotation has been changed. However, it is also possible for the instruction data of the rod rotation to be constant and the instruction velocity data of the carriage to be changed.
EXPERIMENTAL DEVICE
We made an experimental device to prove the effectiveness of the proposed winding system (Fig. 5 ).
Carriage
The carriage has a bobbin (a), a brake (b), a CCD line sensor (c), and a nozzle (d). The carriage is driven parallel to the rod by a linear motor. The wire from the bobbin is drawn out of the nozzle through the brake.
The brake drum is directly connected to an electromagnetic brake, and it can add constant tension to the wire in accordance with the instruction voltage of ±5 V from the controller. Details of the nozzle are shown in Fig. 6 . The nozzle has four rollers at right angles to each other. Three of them are fixed, and the remaining one is on a micro-stage and is movable. The wire passes through the hole that the four rollers form, and the mechanism can stabilize the wire position in the nozzle in correspondence with large diameter changes. In this experimental device, we used a manual micro-stage as the mechanism for moving the movable roller. However, if we used an electric actuator, the system could automatically adjust the roller position on the basis of the measured wire diameter. In addition, the four rollers have ceramic layers on their surfaces to prevent damage from wear.
The CCD line sensor is positioned between the nozzle and the rod. The upper side of the sensor irradiates laser beams, and the lower side receives them. This sensor measures the wire diameter "d" and the wire position "a" just before the wire is wound to the rod. Here, the resolution of the sensor is 1 m and the sampling is 780 times per second.
Rod rotation unit
The rod that is the target object has holes in the centers of both ends. It is supported by two opposed spindles using these holes. One spindle is rotated by a motor. The rod is connected to the spindle by a "kere" and is rotated with the spindle. In addition, the distance between the two spindles is changeable; this system works with rods with lengths from 700 to 1000 mm.
Control system
This experimental device is controlled by a personal computer. The construction of the control system is shown in Fig. 7 . The data of wire diameter "d" and wire position "a" that are measured by the CCD line sensor are input to the PC through the GPIB IO board. The instruction velocity data of the carriage and the rod rotation unit are output to the motor drivers through the control board. Moreover, the instruction data of the wire tension are output through the AD translation board.
SETTING OF WINDING CONDITION
Setting target winding angle
Before verifying the winding system, we investigated the proper winding angle that does not cause back winding and gaps between the wire coils. We selected four wires with different diameters ( 80, 100, 115, and 130 m). Next, we wound them at different target winding angles and checked the conditions of the winding. The results are in Fig. 8 .
The × symbol shows back winding, shows gaps, and shows excellent winding in contact. If the winding angles are larger than around 8 degrees, back winding occurs independent of the wire diameters. If the winding angles are near zero, gaps between the wire coils occur. Between 0 and approximately 8 degrees, the conditions are excellent for contact winding. The borders between these areas are virtual lines. Around the borders, both conditions may happen. First, we believed that the target winding angle should be calculated as a function of the wire diameter. However, the range of appropriate winding angles was independent of the wire diameters in the range of diameters that we chose for this case. If the winding angles are between 2 and 7 degrees, we can obtain contact winding. In the experiment to evaluate the winding system, we selected 4.7 degrees as the target winding angle and maintained this angle.
Setting tension of wire
A proper tension setting is needed to avoid breaking or loosening the wire. The tension is decided on the basis of formula (3) to add the same stress even if the wire diameters are changed. We experimentally 
EXPERIMENTS ON WINDING
We did some experiments to verify the effectiveness of the winding system and the control method. The instruction velocity data of the carriage "V" was a constant 0.667 mm/s. The target winding angle was the amount determined in section 3.2 and the instruction tension was the amount determined in section 5.2. For reference, the sampling period from measuring the position data by the sensor to outputting the velocity data to the motors was about 0.2 second.
Control of feed
We wound two wires of different diameters ( 80 and 115 m) with this winding system. The actual rotating speeds of the rods in the two cases are shown in Fig. 9 . The basic rotation speed of the rod was changed in inverse proportion to the wire diameter, and the pitch per rotation of the carriage automatically changed to the value of the wire diameter. Here, the rod rotating speed had a fluctuation band of 20%. The real velocity of the carriage had the same fluctuation band. That shows that the rod rotation speed changed on the basis of the speed of the carriage. Here, the cycle of the speed change was very short and the change of the position was canceled.
Control of winding angle
The measured winding angles for every sampling time are shown in Fig. 10 . Here, the target angle selected as the optimal value was not 4.7 degrees. We used 2.95 degrees as the target winding angle in this case. As mentioned in section 3.1, the winding angle was minus at the start of the winding. After winding started, the winding angle approached the target winding angle within a few seconds. Then, the winding angle stayed at the target value ±0.30 degrees until winding finished.
Evaluation of winding condition
Sample rods that were wound by the experimental device are shown in Fig. 11 . The wire diameter of samples (a), (b), and (c) were 80, 115, and 130 m, respectively. The total length of wire wound for each sample was 300 mm. Only parts of the wound rods are shown in Fig. 11 , but perfect contact windings were achieved in all wound areas.
Moreover, we made rods that were wound with wires that had arbitrary diameters within the specified range. We confirmed the contact winding condition using a 175× microscope.
CONCLUSION
We have developed a new winding system for columnar parts and have proved its effectiveness with an experimental device. The system can wind wire in contact and automatically change parameters to correspond to changes of wire lots and changes of wire diameter in the same lot. The results of this research are summarized below. (1) We developed an adaptive controlled winding system for columnar parts. This system measures wire diameters and winding angles during winding and simultaneously controls the pitch per rotation of the carriage and the winding angle. (2) We clarified that the winding angles from 2 to 7 degrees do not cause back winding and gaps between the wire coils for the range of targeted wire diameters.
(3) The experimental device could effectively control the pitch per rotation of the carriage and the winding angle so all the wires with targeted diameters (80 to 130 m) were wound in contact. (4) The developed winding system is expected to be applicable to many kinds of wound columnar parts.
